We have identified a new mixed lineage leukemia (MLL) gene fusion partner in a patient with treatment-related acute myeloid leukemia (AML) presenting a t(2;11)(q37;q23) as the only cytogenetic abnormality. Fluorescence in situ hybridization demonstrated a rearrangement of the MLL gene and molecular genetic analyses identified a septin family gene, SEPT2, located on chromosome 2q37, as the fusion partner of MLL. RNA and DNA analyses showed the existence of an in-frame fusion of MLL exon 7 with SEPT2 exon 3, with the genomic breakpoints located in intron 7 and 2 of MLL and SEPT2, respectively. Search for DNA sequence motifs revealed the existence of two sequences with 94.4% homology with the topoisomerase II consensus cleavage site in MLL intron 7 and SEPT2 intron 2. SEPT2 is the fifth septin family gene fused with MLL, making this gene family the most frequently involved in MLL-related AML (about 10% of all known fusion partners). The protein encoded by SEPT2 is highly homologous to septins 1, 4 and 5 and is involved in the coordination of several key steps of mitosis. Further studies are warranted to understand why the septin protein family is particularly involved in the pathogenesis of MLL-associated leukemia.
The mixed lineage leukemia (MLL) gene codes for a multi-domain molecule that is a major regulator of class I homeobox (HOX) gene expression, directly interacting with HOX promoter regions (Milne et al., 2002; Nakamura et al., 2002) . As HOX genes play a key role in the regulation of hematopoietic development, it seems plausible that deregulation of MLL activity might result in abnormal patterns of HOX gene expression in hematopoietic stem cells or progenitors (Daser and Rabbitts, 2005; Li et al., 2005; Slany, 2005) . Normally, HOX expression is high in hematopoietic stem cells and becomes gradually extinguished during differentiation (Grier et al., 2005) . A failure to downregulate HOX expression inhibits hematopoietic maturation and can lead to leukemia (Grier et al., 2005) .
Abnormalities of 11q23 involving the MLL gene are found in several hematological malignancies, including acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML) (Huret, 2005) . The overall incidence of MLL-associated leukemia is around 3 and 8-10% for AML and ALL, respectively (Daser and Rabbitts, 2005) . Rearrangements of MLL can also be found in a proportion of patients with therapy-related leukemia after treatment with topoisomerase II inhibitors, such as anthracyclines (e.g. doxorubicin and epirubicin) and epipodophyllotoxins (e.g. etoposide and tenoposide) (Pui and Relling, 2000) . The presence of an MLL gene abnormality (MLL gene fusion or exon duplication) is associated with poor prognosis in ALL and is an intermediate prognostic factor in AML (Pui and Relling, 2000; Daser and Rabbitts, 2005; Li et al., 2005; Popovic and Zeleznik-Le, 2005; Slany, 2005) .
One of the most notable features of MLL is the extraordinary diversity of the fusion partners. To date, 71 different chromosome bands have been described to be rearranged with 11q23 and about 50 fusion genes have been cloned (Huret, 2005) . The most common MLL fusion partners are AF4 (4q21), AF6 (6q27), AF9 (9p23), AF10 (10p12), ELL (19p13.1) and ENL (19p13.3) (Nakamura et al., 2002; Daser and Rabbitts, 2005) . The fusion genes encode chimeric proteins harboring the NH 2 -terminal amino acids of MLL and the COOH-terminal amino acids of the partner protein (Daser and Rabbitts, 2005; Li et al., 2005; Slany, 2005) . The major contribution of the fusion partners investigated so far seems to be to convert the rearranged MLL protein to a potent transcriptional activator (Daser and Rabbitts, 2005) . However, several MLL fusion partners affected by chromosomal translocations have not yet been identified (Huret, 2005) . In the present study, we have identified the SEPT2 gene as a novel fusion partner of MLL in a patient with treatment-related AML presenting a t(2;11)(q37;q23) as the only cytogenetic abnormality.
A 54-year-old female was diagnosed with a breast adenocarcinoma in 1987 (T2N0M0; treated with radical mastectomy) and with a contralateral breast adenocarcinoma in 2001 (T1N0M0; treated with radical mastectomy, followed by six courses of chemotherapy with 5-fluorouracil, epirubicin and cyclophosphamide). In 2004, this patient developed pancytopenia and the diagnosis of therapy-related AML was established (AML-M4 according to the French-American-British classification). Blood count was hemoglobin 8.4 g/dl, platelets 34 Â 10 9 /l, and leukocytes 4.18 Â 10 9 /l with 2% circulating blasts. Bone marrow was infiltrated with 66.5% blasts. She was treated with two courses of chemotherapy (cytarabine, daunorubicin and cyclosporin), followed by an additional course of high-dose cytarabine and allogeneic bone marrow transplantation (BMT). The patient has no evidence of disease at the time of writing.
The bone marrow showed a t(2;11)(q37;q23) as the only cytogenetic abnormality (Figure 1a) , which suggested the involvement of the MLL gene located in 11q23. Fluorescence in situ hybridization (FISH) analysis on bone marrow metaphases demonstrated the rearrangement of MLL, with the telomeric part of the gene being translocated to the der(2) (Figure 1b ). Subsequent karyotype and FISH studies performed with 1-3 months intervals were normal, both before and after BMT.
The previous identification of four septin genes involved in rearrangements with the MLL gene (Megonigal et al., 1998; Osaka et al., 1999; Taki et al., 1999a; Ono et al., 2002; Kojima et al., 2004) , combined with a GenBank search of putatively expressed genes on chromosomal band 2q37, prompted us to hypothesize that the MLL fusion partner on 2q37 was SEPT2. Reverse transcription-polymerase chain reaction (RT-PCR) with an antisense primer located on SEPT2 exon 9 and three MLL sense primers located on exons 5, 6 and 7 (Table 1) showed the presence of PCR fragments of 1233, 956, and 885 bp, respectively, suggestive of an MLL-SEPT2 rearrangement resulting from fusion of MLL exon 7 with SEPT2 exon 3 (Figure 2a ). Additional RT-PCR analysis with sense primers located on MLL exons 7 and 8 and antisense primers located on SEPT2 exons 3 and 4 gave additional support to this hypothesis, as expected amplification fragments of 241 and 275 bp were observed with the MLL exon 7 primer and the SEPT2 antisense primers, but no amplification was detected with the MLL exon 8 primer ( Figure 2b ). The diagnostic bone marrow sample showed a t(2;11)(q37;q23) as the sole chromosome abnormality, suggesting the involvement of the MLL gene located at 11q23. Derivative chromosomes 2 and 11 are marked with arrows. The bone marrow sample was cultured for 24 h in RPMI 1640 medium with GlutaMAX-I (Invitrogen, London, UK) supplemented with 20% fetal bovine serum (Invitrogen, London, UK). Chromosome preparations were made by standard methods and banded by trypsin-Leishman. The karyotype was described according to the ISCN (1995) guidelines. (b) Fluorescence in situ hybridization demonstrated a split signal localized in the der(2) and der(11) chromosomes, confirming the break of the MLL gene in the leukemic cells. Fluorescence in situ hybridization analysis was performed with LSI MLL dual-color, break-apart probe (Vysis, Downers Grove, IL, USA), according to the manufacturer's instructions. 
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Sequencing of the amplification products followed by a BLAST search confirmed that MLL exon 7 was fused in-frame with nucleotide 431 of the SEPT2 transcript (GenBank Accession no. NM_001008491) (Figure 2c) . No mutation or deletion was detected in the MLL-SEPT2 breakpoint region. This fusion is expected to give rise to a chimeric fusion protein where the N-terminus of MLL is fused to almost the entire openreading frame of SEPT2, except for the first three amino acids. The putative MLL-SEPT2 fusion protein of 1764 amino acids contains 1406 amino acids from the NH 2 -terminal part of MLL and 358 amino acids from the COOH-terminal part of SEPT2. For the identification of the genomic MLL-SEPT2 fusion, the SEPT-Int2AS-2 antisense primer was used in combination with the MLL-Ex7S and MLL-Int7S sense primers, giving rise to amplification products of 1240 and 1047 bp, respectively (Figure 3a) . No amplification products were observed when primers MLLEx7S and MLL-Int7S were used with the antisense primer SEPT2-Int2AS-1 (Figure 3a) . The results suggested that the genomic DNA breakpoint was located 3 0 of MLL-Int7S and 5 0 of SEPT2-Int2AS-1. Partial sequencing of the amplification products showed that the breakpoints were located 252 bp downstream of MLL exon 7 and 447 bp downstream of SEPT2 exon 2 (Figure 3b and c) .
As our patient had been treated with epirubicin, a known topoisomerase II inhibitor, we searched for topoisomerase II consensus cleavages sites near the vicinity of the breakpoint region. Using SeqTools (Rasmussen, 2004) , we found two sequences with 94.4% homology with the topoisomerase II consensus cleavage site (one mismatch): one located in MLL intron 7 (ATTAGCAGGTGGGTTTAG, nucleotide position 125-141 bp downstream of MLL exon 7) and the other in SEPT2 intron 2 (GTCACCAGGCTG GAGTGC, nucleotide position 184-201 bp downstream of SEPT2 exon 2). We also searched the breakpoint junction (15 bp either side) for repetitive DNA sequence elements and motifs known to be associated with sitespecific recombination, cleavage and gene rearrangement Chuzhanova et al., 2003) , but we could not find any evidence of their presence. Finally, using RepeatMasker (Smit et al., 2004) , we also searched both MLL intron 7 and SEPT2 intron 2 for low complexity DNA sequences and interspersed repeats. We found a 296 bp Alu repeat in SEPT2 intron 2 located at nucleotides 148-309 downstream of SEPT2 exon 2. RT-PCR analysis with two MLL sense primers located in MLL exons 7 (lanes 2 and 3) and 8 (lanes 4 and 5) and two SEPT2 antisense primers located in SEPT2 exons 3 (lanes 3 and 5) and 4 (lanes 2 and 4). No amplification is observed with the MLL exon 8 primer. Lanes 1 and 6 -molecular marker. Forward primers for MLL exons 5, 6, 7 and 8 (GenBank Accession no. NM_005933) were previously described (Table 1; Yamamoto et al., 1994; Poirel et al., 1996) . Reverse primers for SEPT2 exons 3, 4 and 9 were derived from the published sequence of SEPT2 mRNA with GenBank Accession no. NM_001008491 (Table 1) . (c) Sequence analysis directly performed on the amplified RT-PCR product with the BigDye Terminator Cycle Sequencing Chemistry (Applied Biosystems, Foster City, USA) on a automated sequencer ABI Prism 310 Genetic Analyzer (Applied BioSystems, Foster City, USA), revealed an in-frame fusion between MLL exon 7 and SEPT2 exon 3 (arrow).
Identical translocations to the one we present have previously been reported in three patients with leukemia (DeLozier-Blanchet et al., 1985; Winick et al., 1993; Fischer et al., 1997) , but no molecular genetic investigation of this chromosomal rearrangement had so far been described. The MLL fusion partner we have identified, SEPT2, belongs to an evolutionarily conserved family of genes that encode a P loop-based GTP-binding domain flanked by a polybasic domain and (usually) a coiled-coil region (Hall and Russell, 2004; Russell and Hall, 2005) . The SEPT2 protein possesses all the three domains and shares a very high homology with septins 1, 4 and 5 (Hall and Russell, 2004) . Recently, it has been shown that there are at least 13 human septin genes (Russell and Hall, 2005) . Four of them (SEPT5, SEPT6, SEPT9 and SEPT11) have already been cloned as MLL fusion partners (Megonigal et al., 1998; Osaka et al., 1999; Taki et al., 1999a; Ono et al., 2002; Kojima et al., 2004) , with the N-terminal moiety of MLL fused to almost the entire open-reading frame of the partner septin gene (Russell and Hall, 2005) . This is the fifth septin family gene fused with the MLL gene described so far, making the septins the protein family most frequently involved in rearrangements with the MLL gene. Septins constitute now nearly 10% of all fusion partners identified to date, suggesting that the involvement of this protein family in MLL-related leukemia is not a chance event. This hypothesis is supported by the fact that all the reported MLL-septin fusions are in frame and the breakpoints are found at the very 5 0 -end of known septin open-reading frames (Megonigal et al., 1998; Osaka et al., 1999; Taki et al., 1999a; Ono et al., 2002; Kojima et al., 2004) .
We postulate that other septins may be involved in rearrangements with the MLL gene. For instance, several reports (Berger et al., 1987; Marosi et al., 1992; Harrison et al., 1998; Satake et al., 1999) have shown the existence of a molecular rearrangement of the MLL gene with a not yet identified fusion partner gene in 17q23, where the SEPT4 gene is located (Table 2) . Furthermore, the existence of known MLL partner genes in chromosomal bands where septin genes are mapped (Table 2) does not exclude the possibility that they also may be rearranged with MLL. In fact, several MLL partner genes share the same chromosomal locations, like AF4 and SEPT11 (4q21) (Gu et al., 1992; Kojima et al., 2004) , AF5q31 and GRAF (5q31) (Taki et al., 1999b; Borkhardt et al., 2000) , FBP17 and AF9Q34 (9q34) (Fuchs et al., 2001; von Bergh et al., 2004) , CBL and LARG (11q23) (Savage et al., 1991; Kourlas et al., 2000) , AF15Q14 and MPFYVE (15q14) (Hayette et al., 2000; Chinwalla et al., 2003) , LASP1 and AF17 (17q21) (Prasad et al., 1994; Strehl et al., 2003) and EEN and ENL (19p13. 3) (Tkachuk et al., 1992; So et al., 1997) . These data suggest that detailed molecular analysis is essential for the identification of other rearrangements involving the MLL gene.
Although MLL is a remarkably promiscuous leukemia-associated gene, current data suggest that these fusion partners fall into two distinct categories: those with a potent transactivation domain and nuclear localization and those that are located in the cytoplasm and possess potential oligomerization motifs (Nakamura et al., 2002; Daser and Rabbitts, 2005; Li et al., 2005) . The septins do not possess an activation domain and there is no currently available evidence that they have Figure 3 Detection and analysis of the MLL-SEPT2 genomic breakpoint. (a) Amplification products of 1240 and 1047 bp were detected when the SEPT2-Int2AS-2 antisense primer was used in combination with MLL-Ex7S and MLL-Int7S sense primers, respectively (lanes 5 and 2). No amplification products were observed when primers MLL-Ex7S and MLL-Int7S were used with the antisense primer SEPT2-Int2AS-1 (lanes 1 and 4) . These results suggest that the genomic DNA breakpoint was located 3 0 of MLLInt7S and 5 0 of SEPT2-Int2AS-2. Lane 3 -molecular marker. For primer localizations see Table 1 . (b) Partial genomic sequence of MLL-SEPT2 with the arrow showing the fusion between MLL intron 7 and SEPT2 intron 2. (c) Schematic representation of the genomic breakpoint (arrow) and nucleotide sequence of the genomic breakpoints of the translocation t(2;11) and corresponding normal chromosomes 11 and 2.
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Oligomerization of MLL-fused septins could then facilitate deregulated activity of MLL with recruitment of transcriptional activators. One exception is SEPT9, which lacks the coiled-coil domain present in other MLL-fused septins (Russell and Hall, 2005) and presumably has an alternative domain involved in the formation of oligomers. A recent report showed that oligomerization of MLL-SEPT6 is essential to immortalize hematopoietic progenitors in vitro and that the GTP-binding domain may have a role in the formation of dimers (Ono et al., 2005) . Although the presently available data suggest that the involvement of septins in MLL-related leukemia is only related to their capacity to oligomerize, the possibility that they have oncogenic activity of their own cannot be completely ruled out. Septins have roles in cytokinesis, vesicle traffic, polarity determination, microtubule and actin dynamics, and can form membrane diffusion barriers (Russell and Hall, 2005) . For instance, SEPT2, the first human septin to be systematically studied, was shown to be required for cytokinesis and to bind actin and associate with focal adhesions (Kinoshita et al., 1997; Surka et al., 2002) . Additionally, recent data support the idea that mammalian septins can form a novel scaffold at the midplane of the mitotic spindle that coordinates several key steps of mitosis, suggesting that SEPT2 can have a role in chromosome congression and segregation, and that altered expression of SEPT2 might lead to disordered chromosomal dynamics and underlie the development of aneuploidy (Spiliotis et al., 2005) . However, the question of whether and how the normal function of SEPT2 is altered by its fusion to MLL remains to be elucidated.
Topoisomerase II inhibitor-related AML can be distinguished from other therapy-related leukemia by its genetic signature: balanced translocations involving the MLL gene (Pui and Relling, 2000) . The identification of two sequences with 94.4% homology with the topoisomerase II consensus cleavage site in our patient, one located in MLL intron 7 and the other in SEPT2 intron 2, provides support to a link between topoisomerase II inhibitor therapy and the origin of the MLL-SEPT2 fusion gene in this particular case. Nevertheless, one must be cautious in interpreting this finding, as topoisomerase II consensus cleavages sites are either short, highly redundant or both, so their chance occurrence at breakpoint junctions is unlikely to be infrequent. Therefore, their presence at a given translocation breakpoint should not be automatically taken to imply that they are directly involved in the mechanisms of rearrangement . In addition, the presence of a 296 bp Alu repeat in SEPT2 intron 2 can, in theory, be related with the MLL-SEPT2 formation, as Alu sequences found in the vicinity of breakpoint regions can mediate the corresponding rearrangement by nonhomologous recombination (Rudiger et al., 1995) .
In summary, we have identified SEPT2 as the MLL fusion partner in therapy-related AML with a t(2;11)(q37;q23). This is the fifth septin that has been found fused with MLL in acute leukemia, but the precise role played by this family of genes in this disease remains incompletely known. A more detailed characterization of the functions of septins may contribute to a better understanding of MLL-mediated leukemogenesis. MLL-SEPT2 fusion gene in AML N Cerveira et al
